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1. INTRODUCTION

In the periodic table, rhenium is a group 7, sixth-row transition
metal and is in the same group with manganese, technetium, and
bohrium. Historically, rhenium was discovered as the last natural
stable element. In 1908, Ogawa found a new element that he
called nipponium and incorrectly reported as the 43rd element
(the 43rd element is the artificial element technetium). It is
believed today that the element he discovered was in fact element
75, or rthenium. It was not until 1925, however, that rhenium was
officially discovered by Noddack, Tacke, and Berg. Rhenium is
generally used as a catalyst for purification of petroleum, super
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heat-resistant alloys, and filaments. Since rhenium is quite rare
and is available only in minor quantities, the price of rhenium
metal is relatively high; it is cheaper, however, than palladium,
rhodium, ruthenium, gold, and platinum, which play central roles
in catalytic reactions.

There have been many reports on the synthesis of rhenium
complexes." Compared to other transition metal complexes,
however, rhenium complexes have not been popular as catalysts
for organic synthesis except in a few cases such as catalytic
reactions with rhenium—oxo complexes or MeReOs.” There-
fore, the reactivity of rhenium complexes has not been explored
as extensively as that of other transition metal complexes.>>

Rhenium carbonyl complexes account for a significant portion
of known rhenium complexes. Several, such as Re,(CO)q,
ReCl(CO)s, ReBr(CO)s, [ReBr(CO);(thf)],, CpRe(CO)s;,
and Cp*Re(CO); (Cp* = CsMes), are commercially available.
In addition, many examples of rhenium carbonyl complexes
have been reported in the literature. For example, phosphine
complexes Re,(CO)(z—n)(PR3), (n =1, 2),* nitrile complexes
Re,(CO)y(NCR),” isonitrile complexes Re,(CO)s—,)(CNR),
(n =1 to 4),° hydride complexes Re;H,,(CO),,” and bipyridyl
complexes ReX(CO);(bpy) (X = Cl, Br, I, etc; bpy = bipyridyl)®
are known.

Rhenium carbonyl complexes have four notable features.
The first is their hard Lewis acidity. Oxygen, nitrogen, and
halogen atoms coordinate to the rhenium center, generating
cationic species or intermediates with large 0+ values. Com-
pared to popular hard Lewis acids, such as AlCls, the Lewis
acidity of rhenium carbonyl complexes is moderate, and thus
relatively stable carbocations (i.e, propargylic and benzylic
carbocations and oxonium ions) can be generated by elimination
of an alkoxy (or hydroxyl) group or halides. Further reactions
with nucleophiles, such as Friedel—Crafts and Hosomi— Sakurai
reactions, occur. It is necessary to note that, in contrast to AlCl;,
the Lewis acidity does not drop substantially in the presence of a
small amount of water.

The second feature of rhenium carbonyl complexes is their
soft Lewis acidity for activation of unsaturated hydrocarbons
such as alkynes, allenes, and alkenes. Similar to gold or platinum
halides, unsaturated hydrocarbons coordinate to rhenium car-
bonyl complexes, and due to the electron deficiency of the co-
ordinated hydrocarbons, carbon, nitrogen, and oxygen nucleo-
philes can attack them. In some cases, rhenium—alkylidene
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intermediates can be generated by successive reactions, and
these intermediates then promote further reactions, such as
cyclopropanation.

The third feature of rhenium carbonyl complexes is their
ability to activate C(sp*)—H and C(sp*)—H bonds, allowing for
introduction of several functional groups or substituents directly
into C—H bonds. The first coordinatively unsaturated rhenium
carbonyl complex effective for catalytic C—H transformations
was generated via photoirradiation of Cp*Re(CO); by Chen and
Hartwig in 1997, and catalytic borylation at the terminal position
of alkanes was realized.” In 2005, Kuninobu, Kawata, and Takai
discovered that catalytic directed C—H activation at the ortho-
position of aromatic imines occurs with ReBr(CO);s and related
carbonyl complexes in toluene under heating conditions.'® Since
then, reactions initiated by rhenium-catalyzed C—H activation
have been extensively studied. In contrast to ruthenium- and
rhodium-catalyzed C—H activation, insertion of unsaturated
molecules occurs between the rhenium—carbon bond and not
the rhenium—hydrogen bond. In addition, the carbon connected
to rhenium shows nucleophilicity due to the relatively small
electronegativity of rhenium compared to ruthenium or rho-
dium. Therefore, the insertion of polar unsaturated molecules
occurs, and cyclic compounds such as indenes and isobenzofur-
ans are produced (vide infra), a reaction that cannot be achieved
with ruthenium or rhodium catalysts.

Additionally, low-valent rhenium carbonyl complexes pro-
mote oxidative cyclization. Although the primary intermediate
has not been isolated, [2 + 2]-cycloaddition products between
norbornenes and alkynes derived by successive reductive elim-
ination are obtained. When [3-keto esters are used instead of
norbornenes, cyclobutene intermediates having a S-hydroxy
ester moiety can be generated. Because of the ring strain of the
cyclobutene skeleton, C—C bond cleavage occurs via a retro-
aldol reaction.

The above features enable rhenium carbonyl complexes to pro-
mote interesting catalytic transformations. Many types of reac-
tions, such as the formation of carbon—carbon, carbon—
silicon, carbon—nitrogen, carbon—oxygen, carbon—sulfur, and
carbon—selenium bonds, reduction, and polymerization are
possible. The details of such rhenium carbonyl complex-cata-
lyzed synthetic organic reactions and, for some cases, their
mechanisms are described below.

2. C—C BOND FORMATION

2.1. Nucleophilic Addition and Substitution

2.1.1. Friedel—Crafts Reactions. The Friedel—Crafts re-
action is one of the most fundamental and useful transformations
in synthetic chemistry. There are mainly two types of such
reactions: Friedel—Crafts acylation and Friedel—Crafts alkyla-
tion. These reactions are usually promoted by strong Lewis or
Bronsted acids. The following several examples of Friedel—
Crafts acylation and alkylation show that rhenium(I) —carbonyl
complexes also have hard Lewis acidity.

Kusama and Narasaka reported that a rhenium complex,
ReBr(CO)s, catalytically promotes Friedel—Crafts acylation
(eq 1)."" Conventional Friedel—Crafts acylations usually require
atleast an equimolar amount of Lewis acid. From this standpoint,
it is noteworthy that the rhenium-catalyzed reaction proceeds
catalytically; however, the product is obtained as a mixture of
regioisomers. Although the acylations of toluene, m-xylene, and
anisole proceed smoothly, the yield of the acylation of benzene is

low. Intramolecular acylation of aromatic rings does occur re%io-
selectively, though, affording indanone and tetralone (eq 2)."!

O ReBr(CO)s (10 mol%) o
* ph)l\g Ph)J\\ | Q)

toluene, reflux, 2 h

(solvent) 91%
[o/m/p=11:4:85]

o) 0
©C:5 ReBr(CO)s (10 mol%) @ij
2)
CH,CICH,CI, reflux, 2 h
86%

Rhenium-catalyzed Friedel—Crafts alkylation of arenes has
been reported by Nishiyama, Kakushou, and Sonoda (eq 3)."
Conventional Friedel—Crafts alkylations generally proceed cata-
Iytically, but the reactions are sometimes carried out under
strongly acidic conditions. In contrast, the rhenium-catalyzed
Friedel—Crafts alkylation proceeds under weakly acidic condi-
tions. The intermolecular reaction generates a mixture of mono-
and dialkylated products, whereas the intramolecular alkylation
gives indane derivatives selectively.

OMe OMe OMe
ReBr(CO)s5 (1.0 mol%) t-Bu
+ t-BuCl + 3)
(3.0 equiv) CH,CICH,CI, 84 °C, 0.5 h
t-Bu t-Bu
66% 34%

By using the Lewis acidity of rhenium(I) complexes, diaryl-
methanes have been synthesized from 2 equiv of aromatic com-
pounds and 1,3,5-trioxane (or aqueous formaldehyde) (eq 4)."
Aromatic compounds with an electron-donating group(s)
are tolerated in the reaction, and a mixture of regioisomers is
formed. This reaction proceeds via the formation of benzylic
alcohols from aromatic compounds and 1,3,5-trioxane (or for-
maldehyde). The corresponding benzyl cations generated from
the benzylic alcohols and the rhenium catalyst react with another
aromatic compound. In these steps, ReCl(CO); functions as a
Lewis acid even in the presence of a small amount of water.

OMe
O. ReCI(CO)5 (5.0 mol%)
L) /=
o _0O 120°C, 10 h
(24 equiv)
OMe OMe OMe
OMe
70% 13%

Another reaction that produces Friedel—Crafts type adducts
has been reported for the rhenium complex Re,(CO).
Combining phenol and a terminal olefin in the presence of a
catalytic amount of Re,(CO);, leads to monoalkylation only
at the position ortho to the hydroxyl group (eq 5)."* It is usually
difficult to perform monoalkylation regioselectively using con-
ventional Friedel—Crafts conditions. Judging from the regios-
electivity of the monoalkylation and given the fact that mono-
alkylation occurs only when the terminal olefin is used as a
solvent (excess amount), it is likely that this reaction does not
proceed via a Friedel—Crafts alkylation mechanism. On the
other hand, when 2-alkyl substituted olefins and conjugated
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Scheme 1. Proposed Mechanism for the Formation of
Dialkynylmethanes

RCHO Re'+AU OH Re' ©
+
RN Ar/\
Me;Si—==—Ph Npp, R=Ar N PJ
R = alkyl
Ph
MesSi—==—Ph I
Ar %
Ph

dienes are used, alkylation proceeds regioselectively at the para-
position (eq 6)."*

OH OH
Re»(CO)4 (2.5 mol?
© . l €2(C0O)10 (2.5 Mol %) ©/Ln-CeH13 (5)
n-CeHiz  toluene, 150 °C, 24 h 76%

(1.5 equiv)

OH
OH
@ )\/\ Re,(CO)1g (2.5 mol%)
+ _— (6)
777 G toluene, 115°C, 240 |

(2.0 equiv) n-CsHq4

87%

2.1.2. Nucleophilic Addition to Carbonyl and Related
Compounds. Carbon—carbon bond-forming reactions by nucleo-
philic addition of carbon nucleophiles to carbonyl compounds
are some of the most effective synthetic methods. Rhenium(I)
carbonyl complexes catalyze Knoevenagel condensations, ally-
lation of aldehydes, Mukaiyama aldol reactions, and diethynyla-
tion of aldehydes. In these transformations, the catalysts act as
hard Lewis acids.

Komiya and co-workers reported that N-bonded enolate rhen-
ium(I) complexes promote the Knoevenagel condensation be-
tween aldehydes and active methylene compounds.'® A similar
reaction proceeds when the rhenium complex is changed to
ReBr(CO)s (eq 7).16 Notably, this reaction takes place in the
absence of solvent. In the case of aldehydes and unsymmetrical
active methylene compounds, the stereoselectivities of the
products are quite high; however, the stereoselectivity decreases
when unsymmetrical ketones are employed as substrates.

o , ReBr(CO)s (0.50 mol%) NC R
M i+ NOUR ™
Ph” R’ ~ neat 1
(1.0 equiv) Ph R
R' R2 conditions yield / %
H CN 110°C,15h 90

H CO,Et 110°C,2h 88

Me CO,Et 130°C,70h 45
[EIZ=3/2)

Rhenium-catalyzed allylation of aldehydes with allyltributyl-
stannane has been reported by Nishiyama, Kakushou, and
Sonoda (eq 8)."” In this reaction, homoallylic alcohols are
obtained in moderate to good yields using aromatic or aliphatic
aldehydes. In contrast to ReCI(CO)s, the rhenium carbonyl

complexes Re,(CO);o and CpRe(CO); did not show this
catalytic activity.

ReCI(CO)s (10 mol%)  OH

PhCHO + _~~.-SnBus )\/\ ®)
(1.2 equiv)  benzene, 80°C,5h Ph 78%
0

ReBr(CO); also catalyzes allylation of acetals with allyltri-
methylsilane (eq 9).'® In this reaction, only monoallylated
products are produced. When crotyltrimethylsilane is employed,
a mixture of the anti- and syn-forms of the y-adducts and the
E- and Z-forms of the 0-adducts are obtained.

On-C4Hy ! S ReBr(CO)s (10 mol%)
+ R oiMes
n-CsHyi™ "On-C4Hy Z CH,CICH,CI, 60 °C
(1.2 equiv)
)
R! product
On-C4Hg
H 5h n-CsHy 1 SN
92%
On-CyHg On-C4Hg
Me 24 h
n-CsHy X nCsHyj N
26% 6%
[antilsyn = 56/44] [EIZ = 72/28]

This rhenium complex also catalyzes the Mukaiyama aldol
reaction between carbonyl compounds and ketene silyl acetals
(eq 10)." In this reaction, not only aldehydes but also ketones
can be used as substrates. Ketene silyl acetals with a methyl group
at the S-position provide a mixture of anti- and syn-products.

OSit-BuMe, ReBr(CO)s (8.3 mol%) t-BuMe,SiO O

PhCHO + -
OMe benzene, 80 °C, 1 h Ph
(1.3 equiv) 74%

OMe (10

When silylacetylenes serve as the nucleophile, use of a
rhenium(I) carbonyl complex alone is not effective; addition of
AuCl as a cocatalyst, however, leads to formation of propargylic
alcohols via addition of the silylacetylene to the aldehyde
(eq 11).%° Interestingly, both the rhenium and gold catalysts
are indispensable for promoting the reaction. When 2 equiv of
silylacetylenes are employed, the synthesis of diethynylmethanes
from aldehydes is achieved.” This reaction proceeds by rhenium-
and gold-catalyzed formation of propargylic alcohols from alde-
hydes and silylacetylenes, followed by rhenium-catalyzed alky-
nylation of the formed propargylic alcohols with the second
silylacetylene (Scheme 1).

[ReBr(CO)s(th)], (2.5 mol%)
AuCI (5.0 mol%)

n-CgH1gCHO + Me3zSi—=——Ph
(4.0 equiv) CH,Cly, 50°C, 3 h

OH

(1)
n-CoHig™ "
90% Ph

Addition of terminal alkynes to imines is a useful method for
the synthesis of propargyl amines. [ReBr(CO);(thf) ], promotes
the addition of trimethylsilylacetylene to aldimines (eq 12).*' In
this reaction, the silyl group connected to the alkyne moiety is
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indispensable for the reaction and remains unchanged. This
catalytic activity is similar to that of an iridium complex reported

by Fischer and Carreira.”*
_Ph -Ph
J\ [ReBr(CO)4(thf)l, (2.5 mol%)
+ =—SiMe; Ph NN (12)
Ph ° N
(1.1 equiv) neat, 25 °C, 3h 95% SiMe;

Nucleophilic substitution of 2-propynyl alcohols with active
methylene compounds has also been reported (eq 13).>* In this
reaction, a new carbon—carbon single bond is constructed. By
using carbon, oxygen, and sulfur nucleophiles, carbon—carbon,
carbon—oxygen, and carbon—sulfur bonds can be generated.
Interestingly, the rhenium catalyst remains active even in the
presence of a small amount of water.

o O
OH o o
[ReBr(CO);(thf)], (2.5 mol%)
= Ph + (13)
Ph/\ )]\/U\ CH,Clp, 0°C, 1h = Ph
(1.0 equiv) Ph 93%
o

Highly enantioselective addition of diphenylzinc to aldehydes
has been achieved by Bolm and co-workers (eq 14).** The
authors synthesized a planar chiral rhenium complex and applied
the complex to the addition reaction as a planar chiral ligand.
Compared to its analogous ferrocene derivative, the rhenium
complex showed higher enantioselectivities.

ZnEt; (1.3 equiv)

O
o0,
| OH “tBu
il oc-7a.pn P o
= H oc CO (10 mol%) = Ph
R+ | + ZnPhy R | (14)
A (0.65 equiv) toluene, 10 °C X

80%-100%
91%-98% ee

2.1.3. Nucleophilic Addition to C—C Double and
Triple Bonds. Nucleophilic addition of carbon nucleophiles
to unactivated (nonpolar) carbon—carbon double or triple
bonds is usually difficult. By activating carbon—carbon double
or triple bonds with transition metal catalysts, such transforma-
tions have recently been realized. Coordination of the car-
bon—carbon double or triple bonds to soft Lewis acids is
important for promoting these reactions. As described in sections
2.1.1 and 2.1.2, rhenium(I) carbonyl complexes act as hard Lewis
acids. We see here that rhenium complexes also have soft Lewis
acidity.

Nakamura and co-workers reported indium-catalyzed addi-
tion of active methylene compounds to alkynes.*® A similar
reaction also occurs when the rhenium complex [ReBr(CO)s;-
(thf)], is used as the catalyst (eq 15).2%%7 This reaction pro-
ceeds even with unactivated alkynes, although only terminal
alkynes can be used.

OH O
M [ReBr(CO)y(thflz (3.0 mol%) |
+ Ph——= OEt (15
OEt toluene, 50 °C, 24 h (15
PhX

(2.0 equiv)

93% (keto form 4.5%)

An intramolecular version of this transformation (Conia-ene
type reaction) that yields methylenecycloalkanes has also been
investigated (eq 16).”**” Similar reactions are also promoted by
gold,”® nickel/ytterbium,”® copper/silver,*® and zinc®' catalysts.

o O o O
OMe  [ReBr(CO)s(thf)], (3.0 mol%) OMe

" (16)
N neat, 50 °C, 12 h
97%

Nucleophilic addition of active methylene compounds also
proceeds using allenes as electrophiles. Reaction of 3-enamino
esters and unactivated allenes using the rhenium complex
[ReBr(CO);(thf) ], proceeds at the central position of the allene
moiety, and the products are generated as a mixture of olefinic
isomers (eq 17).*” The regioselectivity is improved by further
isomerization of the olefin moieties with the rhodium complex

[RhCl(cod)], as a catalyst.

NH O [ReBr(CO)4(thf)], (2.5 mol%)

)\(LOEt + Ph/\/\\
(2.0 equiv)

toluene, 135 °C, 12 h

Ph. .
N O Py O
OEt + OEt (17)
a Ph

91% (81:19)
[RhCl(cod)]p, 135°C, 12h |: 78% (95:5)

Nucleophilic addition of active methylene compounds to
activated alkynes (polar alkynes) and its application to the syn-
thesis of 2H-pyran-2-ones has been reported by Zhao and Hua.
(eq 18).>® This reaction proceeds via addition of B-keto esters
to electron-deficient alkynes followed by intramolecular nucleo-
philic cyclization and elimination of methanol.

o
M ReBr(CO)s (0.50 mol%) A
Ol + MeO,C—= 9 M (1)
) toluene, 120 °C, 10 h ¥
(1.0 equiv) O

o) — MeOH 84%
HO™ ™ OMe
MeO,C._~
2.2. Annulations

2.2.1. Annulation via Alkylidene Intermediates. Kusama,
Iwasawa, and co-workers reported that the rhenium complex
ReCl(CO)j catalyzes tandem cyclization of w,w-acetylenic dienol
silyl ethers (eq 19).>* The authors had already reported that the
tungsten complex W(CO)s(thf) can activate terminal alkynes
toward the catalytic intramolecular nucleophilic attack of enol
silyl ethers to give carbocycles.® In the reaction shown in eq 19,
the rhenium complex activates the internal alkyne moiety and
realizes geminal carbofunctionalization of alkynes. This reaction
also proceeds with W(CO)g, PtCl,, or AuBrj; as the catalyst.

i-PrsSiO ReCI(CO)s (0.50 mol%)
MS4A
| N hv (250 W super high pressure Hg lamp)
l | toluene, 16 h
i-PrgsiO H l‘-PI’gSiO H
+ (19)
" 62% 30%
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The mechanism of this reaction is as follows: (1) coordination
of the alkyne moiety of an acetylenic dienol silyl ether to
a rhenium center; (2) nucleophilic attack of the dienol silyl
ether moiety to the activated alkyne moiety to generate a
zwitterionic intermediate; (3) intramolecular attack of the
alkenyl rhenium moiety to the o,5-unsaturated silyloxonium
group, generating a bicyclic carbene intermediate; and (4) 1,2-
hydrogen migration to produce a bicyclo[3.3.0]octane deriv-
ative (Scheme 2).

By changing the substrates to silyl enol ethers bearing a
propargyl carboxylate moiety, substituted phenols were obtained
(eq 20).*® The proposed mechanism for the formation of phenol
derivatives is shown in Scheme 3: (1) intramolecular nucleo-
philic addition of the silyl enol moiety to the activated alkyne
moiety to give a zwitterionic six-membered cyclic intermediate;
(2) formation of a silyl dienol ether intermediate by deproto-
nation; (3) elimination of a benzoate to provide a cationic
pentadienyl intermediate; (4) migration of an alkyl group;
and (5) protonation of the C—Re bond to produce a phenol
derivative.

i-PrsSIiO ReBr(CO)s (10 mol%) -PraSiO
= NaHCO; (1.0 equiv)

(20)
FZ OCOPh toluene, 110 °C, 3 h
90%

The construction of polycyclic ring skeletons by cycloisome-
rization of ene—ene—ynes with a catalytic amount of transi-
tion metal complexes has been reported by Chatani, Murai,
and co-workers. (eq 21).*” In this reaction, [RuCl,(CO)s],,
[Rh(OCOCFs;),],, and PtCl, are effective for promoting the
transformation. Other transition metal complexes including

Scheme 2. Proposed Mechanism for the Formation of
Bicyclo[3.3.0]octane Derivatives

®

R33SiO R33SiO) R338i0)
R N f;@
R! || R! ||-4-Re R! R? N\oe
Re

R2 R2
R%SI0 4 R%SI0
R1 R2 Re R‘I R2

ReCI(CO)js also catalyze the reaction, which proceeds via the
formation of a rhenium carbenoid intermediate.

EtO,C =
EtO,C ReCI(CO)s (8.0 mol%)
\ \ EtO,C

toluene, 80 °C, 24 h EtO,C

EO.CTL o ey

Two possible pathways have been proposed for the formation of
intermediate A (Scheme 4). The first possibility involves forma-
tion of a rhenacyclopentene intermediate (1-a) followed by migra-
tion of the rhenacyclopentene intermediate to the rhenium—
carbene intermediate A (2-a). An alternative pathway begins with
formation of a zwitterionic rhenium intermediate (1-b) that
undergoes bond migration to produce a rhenium carbene inter-
mediate with a carbene moiety (2-b), with intramolecular cy-
clization between the carbene and olefin groups (3-b) produc-
ing rhenium—carbene intermediate A. In the final steps in the
mechanism, intermediate A undergoes [2 + 2]-cycloaddition
between the rhenium—carbene and olefin moieties (4) followed
by reductive elimination (5).

Kusama, Iwasawa, and co-workers succeeded in developing
[3 + 2]-cycloadditions of metal-containing azomethine ylides
catalyzed by PtCl, or AuBrj to give mitosene skeletons (eq22).**
Similar catalytic activity is observed with ReCI(CO)s when the
reaction mixture is irradiated with a super high pressure mercury
lamp. This reaction proceeds via the formation of a transition
metal-containing azomethine ylide and a carbene complex.

Ph ReCI(CO)5 (10 mol%) Ph
M MS4A
N hv (250 W super high pressure Hg lamp) N
+ 2 0t-Bu | P )~ otsu (22
% (4.0 equiv) toluene, 25 °C, 5.5
n-Pr n-Pr
70% [cis:trans = 64:36]
e 1,2-migration T - Re
Ph Ph Ph
® /7" ® 7"
N No Z0t-Bu N
Y n-Pr <— n-Pr Ot-Bu
[S) [3+2] cycloaddition n-Pr
Re Re Re

2.2.2.[2 + 2]+, [3 4+ 2]-, and [2 + 2 + 2]-Cycloaddition
Reactions. [2 + 2]-Cycloaddition of norbornenes with inter-
nal and terminal alkynes proceeds with [ReBr(CO);(thf)], as
the catalyst (eq 23).>” In this reaction, the yields of the cyclo-
butene derivatives are improved by addition of a catalytic amount
of an isocyanide. The reaction proceeds via oxidative cyclization

Scheme 3. Proposed Mechanism for the Formation of Phenol Derivatives

i-PrySiO i-Pr3Si0)

\

. %
/i@ - //fp - Y
¥V OCOPh /{ OCOPh Ree OCOPh ° OCOPh

®
-PrsSIOy i-PrsSIiO

Re Re
]
i-Pr38iO) -Pr3Sio i-Pr3Sio i-Pr3Sio
[ :
()
*. 2
Ree Ree eReH B
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Scheme 4. Proposed Mechanism for the Cycloisomerization of Ene—Ene—Ynes

EtO,C EtO,C
EtO,C EtO,C
EtO,C EtO,C COEt

CO,Et
Re (1 b)
®
Et0,C/ —\.©
EtO,C \ ke
(2-b)
E0CT o ¢

7

T EtO,C CO,Et
EtO,C CO,Et

(4)

between the rhenium catalyst, norbornene, and alkyne, with
successive reductive elimination.

[ReBr(CO)3(thf)], (5.0 mol %)

2,6--PryCeHaNC (10 mol %)
+ MeO,C—=—CO,Me

(2.0 equiv) toluene, 115 °C, 24 h

CO,Me
Cco,Me (23)

79%

Cycloaddition reactions are one of the most efficient methods
to synthesize cyclic compounds, and thus many methods have
been developed to construct cyclic skeletons. It is usually
difficult, however, to achieve the formation of cyclic compounds
regio- and stereoselectively. Yudha, Kuninobu, and Takai suc-
ceeded in the regio- and stereoselective synthesis of cyclopentene
derivatives from ﬁ keto esters and allenes using Re,(CO);o as a
catalyst (eq 24).* In this reaction, the stereochemistry of three
carbon centers is defined completely.

(@] (o) HO ::
Ph Re,(CO)1g (2.5 mol%) X_ ,CO,Et
)H/u\oa N . T (24)
—— neat, 115°C, 30 h
85%

(1.2 equiv)

The proposed mechanism of this reaction, based on a deuterium-
labeled experiment, is as follows (Scheme $): (1) oxidative
cycloaddition of the enol form of the [3-keto ester, the allene,
and the rhenium catalyst to give rhenacyclopentane intermediate
A; (2) p-hydride elimination to form diene intermediate B;
(3) insertion of the olefin moiety of intermediate B into a
Re—H bond to produce s-allyl rhenium intermediate C; and
(4) formation of a rhenacyclohexene intermediate D followed by
reductive elimination to give the cyclopentene derivative regio-
and stereoselectively.

[2 4 2 + 2]-Cycloaddition reactions, such as cyclotrimeriza-
tion of alkynes, are powerful methods for synthesizing substi-
tuted aromatic compounds. It is generally difficult, however,
to control pair- and regioselectivity. Regioselective [2 + 2 + 2]-
cycloaddition reactions between 1,3-dicarbonyl compounds and
terminal alkynes with catalytic amounts of the rhenium complex
ReBr(CO)s and N,N-dimethylacetamide have been achieved,
however (eq 25).*' In this reaction, two aryl groups of the
product orient in the para-position with respect to each other.
The manganese complex MnBr(CO); has independently been

Scheme S. Proposed Mechanism for the Formation of
Stereodefined Cyclopentene Derivatives

shown to exhibit higher catal;rtlc activity in this transformation
by the same research group””*' and by Tsuji and Nakamura’s
group.”> To explain the regioselective formation of the tetra-
substituted aromatic compounds, there are two possible reaction
pathways (Scheme 6). The first possibility is the formation of
an alkenyl —manganese intermediate via the stepwise insertion of
two alkynes in the opposite orientation to each other (Scheme 6,
path A). Very recently, Nakamura, Tsuji, and co-workers re-
ported on the mechanistic study of the [2 + 2 + 2]-cyclo-
addition.”® They concluded that the reaction proceeds via
this route. The second possibility is that the reaction occurs
via the formation of a metalacyclopentene intermediate that
is produced from a 1,3-dicarbonyl compound and an alkyne
(Scheme 6, path B).”’

ReBr(CO)s (5.0 mol%)
o o DMA (20 mol%)

)j\/u\ MS4A
OEt + Ph—=

(e}
Ph
(4.0 equiv)  toluene, 115°C, 5h Ph

DMA = N,N-dimethylacetamide 50%

‘When malonates without a substituent at the active methylene
moiety are treated with terminal alkynes, salicylates are obtained
regioselectively (eq 26).** In contrast, when malonates bearing a
substituent at the active methylene moiety are used, cyclic -keto
esters are generated regioselectively. Treatment of the formed
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Scheme 6. Proposed Mechanism for the Formation of Tetrasubstituted Aromatic Compounds
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cyclic -keto esters with In(OTf); yields phenol derivatives via
decarbonylation (eq 27).**

o o Re,(CO)4q (2.5 mol%) OH O
MS4A (200 wt%-Re cat.) Ph
EtoJ\/U\OEt" Ph—= OEt (26)
(2.5 equiv) toluene, 135°C, 24 h Ph
54%
o o
o o Rez(CO)1o (25 mol%) | b,
EtO ogt * Ph—= . OEt
(2.5 equiv) toluene, 135°C, 24 h
Ph
OH @7
IN(OTf); (3.0 mol%) Ph
150°C, 24 h Ph
73%

Regioselective cyclotrimerization of alkynes is difficult, as
mentioned previously. Notably, however, the rhenium complex
Re,(CO);o catalyzes the regioselective cyclotrimerization of
terminal alkynes containing an electron-withdrawing substituent
(eq 28).* In this reaction, only 1,3,5-trisubstituted aromatic
compounds are obtained.

O

o Re,(CO) (5.0 mol%)
Bu,NF (20 mol%)

3 )\% o (28)

toluene, 80 °C, 24 h

o
95%

2.3. Coupling Reactions

Three-component coupling reactions are efficient transforma-
tions for constructing complex organic molecules. Watanabe and
co-workers reported the coupling reaction between alkyl iodides,
carbon monoxide, and alcohols to give the corresponding esters in
the presence of a catalytic amount of rhenium complex Re,(CO)
under UV-irradiation conditions (eq 29).* This reaction also
proceeds using other transition metal carbonyl complexes such as
Mn,(CO) 10, Cor(CO)s, Ruz(CO) 1, and Pt(CO),(PPhy),.

Rex(CO)1q (5.0 mol%)
K,CO;3 (0.60 equiv)

I hv (200 W high pressure Hg lamp)
O/ + CO + MeOH
(1.0 atom) (6.0 equiv) THF, 25°C, 20 h

(o}

7%

Photochemical reductive coupling of acetylpyridine to the cor-
responding pinacol catalyzed by rhenium complex [fac-Re(bpy)-
(CO);{4-(MeCO)py}] ™" (bpy = 2,2-bipyridine; py = pyridine)
has been reported by Hori, Ishitani, and co-workers (eq 30).*’
The reaction was found to proceed not via simple photosensi-
tization of [fac-Re(bpy)(CO);{4-(MeCO)py}]™ for the elec-
tron transfer but rather via the reaction on the ligand of the
rhenium complex. The pinacol complex [fac-Re(bpy)(CO);{py-
CMe(OH)CMe(OH)—py}]Jr is proposed as a reaction inter-
mediate.

O, [fac-Re(bpy)(CO)3{4-(MeCO)py}]* (4.6 mol%)

hv (405 nm) OH (7 'N
z | _ _ N X (30)
\N triethanolamine/DMF (1:5), 20 h N__J HO
bpy = 2,2"-bipyridine 51%
py = pyridine

Farona and Greenlee reported that a mixture of catalytic
amounts of ReX(CO); (X = ClI or Br) and EtAICl, promoted
olefin metathesis of terminal and internal olefins (eq 31).** This
catalytic system was also found to show high stability and can be
recycled for several days.

cat. ReCI(CO)s
cat. EtAICI,
2 NN

NN (31)
CgHsCl, 90 °C, 20 min 67%

There have been many reports on dimerization of terminal
alkynes; however, a mixture of (E)-1,4-disubstituted, (Z)-1,4-
disubstituted, and 2,4-disubstituted enynes is usually formed.*’
By using [ReBr(CO);(thf)], and tetrabutylammonium fluoride
as catalysts, terminal aromatic alkynes are dimerized to produce
only (E)-enynes (eq 32).* In this reaction, arylacetylenes gave
(E)-enynes in excellent yields and enynes afforded trienynes in
moderate yields. However, alkylacetylenes and silylacetylenes did
not produce the desired products.

[ReBr(CO),(thf)], (2.5 mol%)
BusNF (10 mol%)
X Ph
2 Ph——= FZ (32)
toluene, 80 °C, 8 h Ph 98%

2.4. Reactions Based on C—H Bond Activation
Carbon—hydrogen (C—H) bonds are fundamental and ubi-
quitous bonds in organic molecules. Therefore, transformations
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starting from a C—H bond are direct and efficient methods
for construction of more complex molecules. Selective transfor-
mations via C—H bond activation are usually difficult, however,
because the bond energy of C—H bonds is high and there
are many kinds of C—H bonds in a molecule. Despite these
challenges, there have recently been many reports on C—H
transformations.>® In this section, we focus on reactions based on
rhenium-catalyzed C—H activation.

In 1997, Waltz and Hartwig reported that monoboryl com-
plexes of tungsten functionalize alkanes stoichiometrically.”" Two
years later, the same group showed that a rhenium(I) carbonyl
complex can promote C(sp>) —H functionalization catalytically. A
rhenium complex, Cp*Re(CO)5, catalyzed C(sp>) —H borylation
at the terminal position of alkanes under photochemical condi-
tions (eq 33).” This reaction requires photoirradiation to generate
a coordinatively unsaturated rhenium complex and proceeds with
essentially perfect regioselectivity. Since then, this chemistry has
been expanded to other transition-metal-catalyzed reactions.”
Notably, reactions with ruthenium and rhodium catalysts require
high temperatures (150 °C). In contrast, the rhenium-catalyzed
borylation occurs even at 25 °C.

ReCp*(CO)3 (2.4 mol%)
2.0 atm)

j :@ hv (medlum pressure Hg lamp)
(solvent) 25°C, 56 h
o
B (33)

95%

Rhenium(I) carbonyl complexes also catalyze C(sp”)—H
bond functionalization. In 2005, Kuninobu, Kawata, and Takai
succeeded in synthesizing aminoindene derivatives from aro-
matic aldimines and alkynes using a rhenlum complex [ReBr-
(CO);5(thf)], as the catalyst (eq 34).'% The reaction does not
occur with aromatic aldehydes. It proceeds via the follow-
ing steps: (1) coordination of a nitrogen atom of the imine to
the rhenium center; (2) C—H bond activation (formation of
an ortho-metalated imine); (3) insertion of an alkyne into the
rhenium—carbon bond of the aryl—rhenium intermediate; (4)
intramolecular nucleophilic attack of the formed alkenylrhe-
nium moiety on a carbon atom of the imine; and (5) reductive
elimination and 1,3-rearrangement of the hydrogen atoms
(or vice versa).

N/t-Bu HN—(-Bu
[ReBr(CO);(thf)], (3.0 mol%)
W + Ph—=—ph [ H>—pn 9
(1.0 equiv) toluene, 115 °C, 24 h
) 95% Ph
reductive elimination
Re and - Re
isomerization
H-Re
H Lt-Bu N—tBu
lN/t—Bu Ph K
Bo—H Re—H — Ph
o—
Ph

Before the report of this reaction, ruthenium and rhodium
complexes were usually employed as catalysts for C(sp*)—H
functionalization; only products derived from insertion of un-
saturated molecules into a C—H bond were obtained, however.>

In contrast, [ReBr(CO);(thf)], catalyzes intramolecular nucleo-
philic cyclization following C—H activation and insertion of the
unsaturated molecules to produce indene derivatives. This result
reveals several typical features of this rhenium-catalyzed reaction.
First, insertion of unsaturated molecules occurs into the metal
(rhenium)—carbon bond generated by C—H activation with
the rhenium complex. This shows sharp contrast to reactions
with ruthenium or rhodium complexes, where insertion of the
unsaturated molecule occurs at the metal—hydrogen bond.>
Second, the sp’-carbon connected to rhenium generated in the
insertion step has nucleophilicity for intramolecular cyclization
because rhenium has a smaller electronegativity than ruthenium
or rhodium, and thus the rhenium—carbon bond is more pola-
rized than the ruthenium— or rhodium—carbon bonds. The
formation of the indene skeleton suggests that the cyclization
proceeds faster than reductive elimination, which would lead to a
simple insertion product (Scheme 7).

As shown in Scheme 7, an spz-carbon connected to the
metal (rhenium), which is a potential nucleophilic site, also
exists just after the C—H activation. When the rhenium
complex [ReBr(CO);(thf)], is used, insertion of polar unsatu-
rated molecules such as @,3-unsaturated esters, aldehydes, and
isocyanates occurs, and successive intramolecular nucleophilic
cyclization proceeds to give the corresponding cyclic com-
pounds.

By the reaction of aromatic ketimines with acrylates under
rhenium catalysis, ([ReBr(CO);(thf)],), indene derivatives are
formed after intramolecular cyclization and successive elimina-
tion of aniline (eq 35).>*

NPh [ReBr(CO)s(thf)], (3.0 mol%) “
+ 2N O CO,Et (35)
COEL ™ iene, 150 °C, 24 h z

(1.5 equiv) 85%
NHPh
@“COZB

As a result of detailed lnvestlgatlons, the reaction mechanism
has been clarified as follows.>® Activation of an ortho-C—H bond
is accelerated by the coordination of a nitrogen atom of the
ketimine to the rhenium center, generating an arylrhenium
intermediate. After C—H bond activation, an o,3-unsaturated
compound inserts into the Re—C bond of the arylrhenium
intermediate. Intramolecular nucleophilic cyclization of the
Re—C bond to the imine moiety followed by reductive elimina-
tion and the elimination of aniline affords the indene derivative.
The elimination of aniline is accelerated by the rhenium catalyst.

Because aromatic ketimines are synthesized from aromatic
ketones and anilines via dehydration, and because the rhenium
catalyst [ReBr(CO);(thf)], shows a catalytic activity even in the
presence of a small amount of water, the authors could apply the
reaction in eq 35 to the synthesis of indenes using aromatic
ketones and acrylates with aniline as a cocatalyst (eq 36).>* > In

this reaction, the cycloaddition between aromatic ketones and
acrylates proceeds with elimination of water.

[ReBr(CO);(thf)], (3.0 mol%)
o p-anisidine (15 mol%)
+ /\COZEt O CO,Et (36)
. toluene, 180 °C, 24 h

(1.5 equiv) ’ ' 93%

The rhenium complex [ReBr(CO);(thf)], also catalyzes the
insertion of polar unsaturated molecules such as isocyanates
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Scheme 7. Insertion of an Alkyne into the Formed M—C or M—H Bond

X ‘\ W—H
H insertion mtramolecu/ar
into M—C cycllzat/on

insertion
into M-H

o

cyclized product

reductive
elimination X
H
-M =z

simple insertion product

and aldehydes®® into C—H bonds of aromatic compounds to
produce phthalimidine and isobenzofuran derivatives (eqs 37
and 38). The nucleophilic reaction can be carried out inter-
molecularly. These results show sharp contrast to ruthenium and
rhodium catalysts, for which the insertion of polar unsaturated
molecules into a C—H bond has not been reported.

_t-Bu

N HN/t-BU
@)LH [ReBr(CO);(thf)], (3.0 mol%)
+ Ph—N=C=0 N—Ph (37)
(1.0 equiv)  CHoCICH,CI, reflux, 24 h
97% O

Ph Ph

o [ReBr(CO);(thf)], (2.5 mol%)
N/Ph MS4A _
N _ o (39
) toluene, 115 °C, 24 h
(2.0 equiv) 97% Ph

Because isobenzofuran derivatives have highly reactive diene
moieties, these compounds act as good substrates for Diels—
Alder reactions. The authors have carried out the reaction shown
in eq 38 in the presence of an olefin (eq 39).% After treatment of
the Diels—Alder adduct formed by the reaction of the isobenzo-
furan derivative and the alkene with acid, dehydration occurs to
yield naphthalene derivatives.

Ph [ReBr(CO)s(thf)], (2.5 mol%)
N + )J\ +
Ph H toluene, reflux, 24 h

(1.0 equiv) (2.0 equiv) (2.0 equiv) (39)
Ph
H,SO,
)| o

Ph 83% Ph 88%

Dehydrative trimerization of aryl aldehydes takes place in the
presence of catalytic amounts of ReBr(CO)s and N-phenyl-
acetamide (eq 40).%° Although the components of the formed
indenone derivatives are the single aldehydes, this reaction is
a new type of cyclotrimerization of aldehydes. The reaction
proceeds via the following steps: (1) formation of an isobenzo-
furan derivative by the insertion of an aldehyde into the C—H
bond of another aldehyde derivative (C—H bond activation)
and successive intramolecular nucleophilic cyclization; (2) nu-
cleophilic addition of the formed isobenzofuran derivative A to
the third aldehyde and cyclization leading to B; (3) isomeriza-
tion; and (4) intramolecular aldol condensation. To elucidate the

reaction mechanism, the isobenzofuran intermediate A was
trapped by dienophiles such as N-methylmaleimide (eq 41).

(0]
O
O

98%

o ReBr(CO)s (5.0 mol %)

©)kH PhNHCOCH; (5.0 mol %)
3

toluene, 180 °C, 24 h

o (0] ReBr(CO)s (10 mol %) ?
PhNHCOCH; (10 mol %)
2 dH + NMe OO NMe (41)
toluene, 180 °C, 24 h o)

o
(4.0 equiv, 0.10 M) O
90%

The rhenium complex [ReBr(CO);(thf)], also activates
heteroaromatic C—H bonds. Notably, the insertion of isocya-
nates, alkynes, and acrylates into C—H bonds of heteroaromatic
compounds occurs regioselectively (eq 42). ot

_t-Bu _t-Bu
N [ReBr(CO)4(thf)] (2.5 mol%) N
I\ + Ph—N=C=0 '\ R @2
© CH,CICH,CI, reflux, 24h g *Ph

S (1.0 equiv)

049 ©

Rhenium complexes also promote olefinic C—H bond func-
tionalization (eq 43).°> When [ReBr(CO);(thf)], is employed
as a catalyst, insertion of nonpolar and polar unsaturated mole-
cules into an olefinic C—H bond occurs.

Me_
N/\> [ReBr(CO)s(thf)], (2.5 mol%)
SN o MS4A
+ Ph)LH + HSiEty
(30 equiv) toluene, 115 °C, 24 h
Me,
N’\>
N 43
OSiEt, (“43)
80% Ph

This reaction has been applied to the synthesis of cyclo-
pentadienyl—rhenium (Cp—Re) complexes. When 0.50 equiv of
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Re,(CO),p is used, Cp—Re complexes are produced from Ol,ﬁ
unsaturated ketimines and acrylates or vinylketones (eq 44).°
The rhenium catalyst promotes C—H bond activation followed
by insertion of an acrylate, intramolecular nucleophilic cycli-
zation, and finally the elimination of aniline to give the cyclo-
pentadiene derivative, which then complexes to the metal. In this
reaction, the rhenium complex acts as a catalyst for C—H
functionalization and also a component of the product Cp—Re
complexes.

o)
NP
+ HJ\OR +1/2 Rey(CO)qg
| xylenes, 150 °C, 72 h

(1.0 equiv)  (0.50 equiv) R = 2-ethylhexyl

o
o
' (44)
_Re.,
oo Rco

CO
94%

Diastereoselective synthesis of aminoindane derivatives has
been achieved using [HRe(CO),], as a catalyst (eq 45).°* In
this reaction, a quaternary carbon center was constructed and the
relative stereochemistries of the two stereogenic centers of the
aminoindanes were defined completely. There has been only
one report on transition-metal-catalyzed 1nsert10n of an allene
into a C—H bond of aromatic compounds.®® In this reaction, the
terminal carbon—carbon double bond of an allene inserts into an
aromatic C—H bond. However, in eq 45, the insertion occurs at
the internal carbon—carbon double bond of an allene.

[HRe(CO)4l, : Hpn
N’Ph (Re: 5.0 mol %)
+ Z Ph (45)
/\/\ neat, 115 °C, 24 h Ph
(1.5 equiv)
88%

2.5. Reactions Initiated by C—C Bond Cleavage

Carbon—carbon (C—C) single bonds are fundamental struc-
tural bonds in organic molecules. It is usually hard to cleave C—C
single bonds because their bond energy is quite high, and thus
other bonds are cleaved preferentially. Development of insertion
reactions at C—C bond is very important, however, because such
transformations are direct and efficient methods for constructing
new carbon skeletons.

Kuninobu, Takai, and co-workers reported that a rhenium
complex derived from [ReBr(CO);(thf)], and isocyanide cata-
lyzes the ring expansion reaction of cyclic S-keto esters (eq
46).*7% In this reaction, an alkyne inserts into a nonstrained
C—C ssingle bond of the 3-keto ester. This reactivity is interesting
because the nucleophilic addition of S-keto esters to terminal
alkynes proceeds in the absence of isocyanide (vide infra).*® By
using the ring-expansion reaction, medium-sized cyclic com-
pounds, which are usually difficult to construct, can be synthe-
sized efficiently. The proposed reaction mechanism (Scheme 8)
begins with the formation of a rhenacyclopentene intermediate
by the reaction of a rhenium catalyst, 5-keto ester, and terminal
alkyne. There are two possible pathways from this point, with
the difference being the timing of the reductive elimination step.
Path A is a ring-opening by a retro-aldol reaction (2-a) followed
by isomerization (3-a) and then reductive elimination (4-a). In
path B, reductive elimination takes place first (2-b) followed by

Scheme 8. Proposed Mechanism for the Ring-Expansion
Reactions

OH O
(44;) R
HO® OEt — OEt
OEt
Re' X
@bt OFt  (4q) A
R e
HOQ 2b) HOY™ \ g
o) o)
A A
OEt l OEt
o @ y(2a)
Re HQ Re
) R (3-a) \-RrR
o o°
OEt OFt

ring-opening via a retro-aldol reaction (3-b) and then isomeriza-

tion (4-b).

o o [ReBr(CO)4(thf)l, (2.5 mol%) Q
PhCH,NC (5.0 mol%)
ij)L OFt, pp—= o9
(1.2 equiv) neat, 40 °C, 24 h

97% OEt

Such ring-expansion reactions can be applied to the synthesis of
bicyclic compounds. When the reaction mixture shown in eq 46 is
treated with tetrabutylammonium fluoride, blcyclo [3 3.1]nonene
derivatives are formed in excellent yields (eq 47)57 A proposed
reaction mechanism for the formation of bicyclo[3.3.1]nonene
derlvatlves from the corresponding eight-membered cyclic com-
pounds® is as follows: (1) isomerization of the olefin moiety from
the keto to the enol form and (2) intramolecular Claisen-type
condensation via the elimination of ethanol.

o 9 [ReBr(CO)4(thf)], (2.5 mol%)

OFt  MS4A (100 wt% Re-cat.)
+ Ph—=

(1.0 equiv) neat, 40 °C, 24 h
(0]
(47)
TBAF (20 mol%)
Is O
neat, 40 °C, 4 h
OEt Ph 90%

TBAF = tetrabutylammonium fluoride

The insertion of alkynes into C—C single bonds of cyclic
P-keto esters also proceeds when acyclic 3-keto esters are used as
substrates (eq 48).°®

o
)K(COzEt [ReBr(CO)(thf), (2.5 mol%)
+ Ph——=
(12equy)  loluene, 80°C,24h
(48)

o CO,Et O Ph O Ph
_ + )W + )j\/\rCOZEt
10% " 78% CO,E 4%

The combination of substrates and catalyst in this reaction is
similar to that used for the insertion of terminal alkynes into the
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C—H bond of the active methylene group in [-keto esters
(eq 15).*° To clarify the reasons for the different reactivities,
several experiments were conducted using an acyclic 3-keto ester
(eq 48). When the reaction between [3-keto esters and pheny-
lacetylene was carried out without any additive or solvent at
50 °C, the alkenylated f-keto esters shown in eq 15 were
obtained as the major product. However, the selectivity for the
products of eqs 15 and 48 changed dramatically when the
reactions were conducted in toluene, at low concentrations, at
higher temperatures, or with the addition of tetrahydrofuran
(THF) or isocyanide.”” On the basis of previous work, in which
the authors reported that the dinuclear rhenium complex
[ReBr(CO);(thf)], is cleaved to a mononuclear rhenium com-
plex ReBr(CO)s(thf), in THF,”® Kuninobu and Takai assume
that a dinuclear rhenium species promotes the production of the
alkenylated f-keto ester, whereas the mixture of the products
shown in eq 48 forms when the mononuclear species is present.
At higher temperatures than that used in eq 48, intramolecular
cyclization via the elimination of an alcohol proceeds and Z-Eyr-
anone derivatives are produced in excellent yields (eq 49).>”""

o o [ReBr(CO)s(thf)l, (2.5 mol%) @
MS4A (200 wt%-Re cat.)
OEt + Ph—==—Ph q | (49)
toluene, 180 °C, 24 h Ph
(1.0 equiv) (1.2 equiv) Ph 96%

The 2-pyranones have subsequently been used for the regio-
selective synthesis of multisubstituted aromatic compounds
through addition to the reaction mixture of a second alkyne
that undergoes Diels—Alder cycloaddition (eq 50).>””* Using
this method, regioisomers can be synthesized by changing the
substituents R' and R” on the -keto esters.

o o [ReBr(CO)4(thf)], (2.5 mol%)
MS4A (200 wt% Re-cat.)
R1u0Et + n-CgHis—=—=—Ph o oG 2am
2 . oluene, °C,
R (1.2 equiv) (50)
EtO,C—==—CO,Et COE
(2.0 equiv) EtO,C R
toluene, 150 °C, 24 h R! Ph
n-CeH1a

R'=CHs, R?=n-CsHyy  82%
R'=n-CsHyy, R2=CH; 78%

Another type of aromatization proceeds with 1,3-diketones
and alkynes (eq 51).”> From ">C labeling experiments and the
positions of the substituents in the substrates and products, it can
be determined that the aromatic compounds are derived from
1,3-diketones, alkynes, and a portion of a second 1,3-diketone.
This reaction is a rhenium-catalyzed formal [2 + 2 + 1 + 1]-
cycloaddition between 1,3-diketones and alkynes.

[ReBr(CO)s(thf)l, (2.5 mol%)

o 0 MS4A (200 wt%-Re cat.) Ph
+ Ph—==—Ph (51)

toluene, 150 °C, 24 h Ph

(2.0 equiv) 43%

3. C—SI BOND FORMATION

Hydrosilylation of carbon—carbon double or triple bonds is
one of the most direct and efficient methods for constructing
carbon—silicon bonds. Therefore, there have been many reports

on such transformations using transition metal complexes of
platinum, rhodium, and ruthenium as catalysts.”* In the addition
of hydrosilanes to alkenes, electron-deficient hydrosilanes, such
as HSiR,Cly—,, (n =0, 1) and H,,SiR,—,,, (m = 2, 3), have usually
been used.”® In contrast, the examples of hydrosilylation reac-
tions of alkenes with hydrosilanes HSiR? (R® = alkyl, aryl) are
relatively rare.”®

Zhao and Hua reported that the rhenium complex ReBr-
(CO); catalyzes the hydrosilylation of styrenes (eq 52).”” In this
reaction, the silyl group is regioselectively introduced at the
terminal position of the olefin moiety in good to high yields.
Notably, hydrosilylation proceeds even in the presence of a
chlorine or bromine atom without reduction of the carbon—

halogen bond of the styrenes.

N ReBr(CO)s (3.0 mol%) SiMePh,
+ HSiMePh, ———M8M (52)
toluene, 120 °C, 10 h 83%

1.2 equiv
(1.2 equiv) (selectivity: 96%)

4. C—N BOND FORMATION

Hydroamination and hydroamidation of carbon—carbon dou-
ble and triple bonds are efficient and useful transformations
for the synthesis of amines, imines, and enamides.”® However, it
is usually difficult to control the regio- and setereoselectivity of
the addition of amines or amides to alkynes.

Yan and co-workers reported that the rhenium complex
[Re(CO)s(H,0)]BF, catalyzes the intramolecular hydroamina-
tion of alkynes (eq 53).”” In this reaction, the hydroamina-
tion products are generated as the S-exo and 6-exo forms.
This reaction also proceeds with such soft Lewis acid catalysts
as [Cu(NCCH;),]PFs, Zn(OSO,CF;),, and [Pd(triphos)]-
(OSO,CFs3),.

NN [Re(CO)s(H0)IBF, (1.0 mol%) ~ N
53
U toluene, reflux, 20 h \O (53)
37%
Intermolecular hydroamidation of unactivated terminal
alkynes has also been reported (eq 54).%° This reaction proceeds

following the anti-Markovnikov rule, and only (E)-enamides are
produced regio- and stereoselectively.

o}

o

Re,(CO)10 (5.0 mol%) H

( e+ =—nCiHy NG g
(2.0 equiv) toluene, reflux, 30 h 80%

5. C—0 BOND FORMATION

5.1. Nucleophilic Addition

The coupling of propargyl alcohols with several nucleophiles
catalyzed by [ReBr(CO);(thf)], has been revealed (eq 55).*
Using alcohols as nucleophiles, carbon—oxygen bonds are con-
structed, providing the corresponding propargyl ethers.

OH [ReBr(CO)4(thf)], (2.5 mol%) OFEt
+ EtOH (55)
/\ Ph . CH,Cl, 40 °C, 3 h /\ Ph
Ph (3.0 equiv) Ph 79%

The rhenium complex ReBr(CO)j; catalyzes the etherification
of benzyl alcohols via dehydration (eq 56).*" By using an excess
amount of aliphatic alcohols in the presence of air, alkyl benzyl
ethers are generated in high yields. It has been proposed that the
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catalytic species is a rhenium(III) —oxo complex, which would be
formed by the oxidation of ReBr(CO):s.

ReBr(CO)s (3.0 mol%)

N\ + n-CgHOH ——MmMmM8Mmm N\ g 56

Ph”  OH 460 160°C. 121 Ph"” > 0On-C,Hy (96)
(5.0 equiv) 90%

Hua and Tian reported that rhenium complex ReBr(CO)s
catalyzes the addition of carboxylic acids to terminal alkynes
(eq 57).% This reaction proceeds with high regioselectively
to give anti-Markovnikov adducts. However, a mixture of E- and
Z-isomers was obtained. Interestingly, the reaction predominantly
affords the unusual Z-adduct.

o o

o
ReBr(CO)s (1.0 mol%)
Ph—= + )‘I\ —— > Ph )J\ + )J\ (57)

HO toluene, 110 °C, 15 h O 7o

(125 equiv) 20% Ph 539

The synthesis of alkenyl carbamates by coupling of terminal
alkynes, Et,NH, and CO, has also been achieved (eq 58).83
In this reaction, anti-Markovnikov adducts are formed. The
products are generated as mixtures of E- and Z-isomers; the
Z-adduct, which is thermally unstable compared with the E-adduct,
is however again formed as the main product.

ReBr(CO)s (2.0 mol%)

R—== + Et,NH + scCO,

(1.5equiv) (5.0MPa) heptane, 110°C

(58)

R\/\OJJ\NEtZ + (\OJJ\NEt2
R

R= Ph 24h 8% 63%
n-CeHiz 35h  47% 51%

5.2. Esterification and its Retro Reaction

Catalytic transformations of CO, to produce useful organic
compounds have received much attention as potential methods
for solving environmental and industrial problems and providing
new sources of raw materials. Lewis acids, including transition
metal complexes that catalyze reactions between epoxides and
CO,, are well-known. Hua and co-workers reported that ReBr-
(CO)s also acts as a Lewis acid in the reaction between epoxides
and supercritical CO, under solvent-free conditions to produce
cyclic carbonates (eq 59).%*

o
0 ReBr(CO)s (0.10 mol%) o)ko
a4+ co, - (59)
(55Mpay  110°C.24h le
97%

Kuninobu, Takai, and co-workers revealed that 1,3-diketones
and alcohols react to produce esters (eq 60).% This reaction
proceeds via carbon—carbon single-bond cleavage in a retro-
aldol reaction. By using cyclic 1,3-diketones, the corresponding
keto esters can be synthesized easily. The yields of esters are
improved by using Lewis acids such as In(OTf);, Fe(OTf),,
AgOTf, and Cu(OTf), instead of the rhenium complex.*>*
The proposed reaction mechanism is as follows (Scheme 9):
(1) coordination of the cyclic 1,3-dicarbonyl compound to
the rhenium center; (2) nucleophilic attack of the alcohol on
a carbonyl group of the cyclic 1,3-dicarbonyl compound; (3)
carbon—carbon bond cleavage via a retro-aldol-type reaction

Scheme 9. Proposed Mechanism for the Formation of Esters
via C—C Single-Bond Cleavage

(0] o O

P A Ko

R2 R2

/ Re \\

R @ Re
0 H d o
P O
R2 o R2

—OH

(ring-opening reaction); and (4) quenching of the formed
enolate by a proton to give the keto ester and regenerate
the rhenium catalyst. In this mechanism, step (3) is important
because it leads to the formation of esters and characterizes the
reactivity of the reaction.

o O

)J\/U\ * o PN Ph (60)
HO e
°C, 24 h o
(1.0 equiv) neat, 80 °C, 2 49%

[ReBr(CO)(thfl, (1.5 mol%) O

Benzyl esters are widely used as protecting groups for
carboxylic acids. Lewis acids, such as AICl;, BCl;, and BF;, are
commonly used as deprotecting reagents. In this deprotection
reaction, at least 1 equiv of Lewis acid is required. In contrast,
rhenium complexes, including [ReBr(CO),], ReBr(CO)s,
and ReCl(CO)s, have been shown to be useful catalysts for
the deprotection of benzylic esters (eq 61).%” Preston and co-
workers concluded that p-MeCsH4CH, is a suitable protecting
group with a working temperature of S0 °C. In this process, the
Friedel—Crafts alkylation of aromatic compounds, which is
described in eq 3, is used as a key reaction.'?

i [ReBr(CO)4l, (1.0 mol%) j\

(61)
CICH;~ "O mesitylene, 50 °C, 24 h CICHz~ "OH
>99%

6. C—S AND C—SE BOND FORMATION

The coupling of a propargyl alcohol and thiophenol is
catalyzed by [ReBr(CO),(thf)], (eq 62).** In this reaction, a
new carbon—sulfur bond is constructed, whereas a carbon—
carbon bond is formed in the case of phenol.

OH [ReBr(CO)s(thf)l, (2.5 mol%) PhS
+ PhSH 62)
/\ Ph CH,Cly, 0°C, 1h /\ Ph

2.0 equiv
(2.0 equiv) Ph 85%

Ph

Polythiaether macrocycles have attracted interest because
of their potential to serve as ligands.*® Cyclooligomerization of
thietane has been reported by Adams and co-workers (eq 63).
By using this method, polythiaether macrocycles are formed as a
mixture of several cyclic oligomers. The reaction has been extended
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to macrocyclization of 3,3-dimethylselenatane.”® Polyselenoether
macrocycles also have good potential to serve as ligands,”" but
examples of known polyselenoether macrocycles are rare.”

I ﬁ/\ s
Re,(CO)o(SCH,CMe,CHy) (0.079 mol%)
1 s %) 63)

100 °C, 72 h
S
n=1 10%
2 3%
3 3%

oligomers 76%

Adams and McBride also reported that a similar reaction
proceeds using B-propiothiolactone (eq 64).”

CH,Cly, 25°C, 20 h

(e}
S
D//O Re,(CO)o(NCMe) (0.16 mol%) S \—>:
] o/, (64)
S :<_\ s n
L

o
n=1 22%
3 2%
olgomers 55%

7. REDUCTION

Transition-metal-catalyzed hydrogenation of carbonyl com-
pounds has served as one of the most useful tools for the trans-
formation of functional groups. McAlees and McCrindle estab-
lished the following increasing order of substrate difficulty for such
reactions: acid chlorides > aldehydes, ketones > anhydrides >
esters > carboxylic acids > amides.”* Fuchikami and co-workers
reported the reduction of carboxylic acids to alcohols by dihydro-
gen (eq 65).”° In this reaction, a bimetallic catalyst, a combination
of Re,(CO) ;o and Rh(acac)s, is effective for promoting efficient
reduction. The yield of the alcohol is very low (1—2%) when only
Re,(CO), or Rh(acac); is used as the catalyst. Interestingly, this
reaction has unique selectivity for reduction of the carboxylic acid
moiety rather than the ester functionality.

Re(CO)1o (1.0 mol%)
o Rh(acac)s (1.0 mol%)

H-C14H29)I\OH *

n-CqqHas” “OH (65)

H
(100 atm) dimethoxyethane, 160 °C, 16 h ol

Reduction of CO, has received much attention because CO,,
has the possibility of being used as a carbon source. It has been
well-known that rhenium complexes ReX(CO);(bpy) (X = CJ,
Br; bpy = 2,2-bipyridine) can act as photocatalysts for the
reduction of CO, to CO (eq 66).”® Therefore, several groups
have reported on this reduction by modifying the structure of the
rhenium catalysts (eq 67).”7°

[fac-ReCI(CO)5(bpy)]
hv (365 nm)

CO, Co (66)

(245Mpa) EWNDMF, 27C 250 1oy _ 418
[Re(CO)3(bpy{P(OEt)3}1SbFe
hv (365 nm)
CO, CO (67)
DMF/triethanolamine (5/1), 16 h TON=75

8. POLYMERIZATION

The rhenium complex Re,(CO), initiated the polymeriza-
tion of cyclohexene oxide photochemically at 25 °C (eq 68).”
This reaction did not require any cocatalyst. However, Abu-
Abdoun found that the polymerization proceeds very slowly.
He suggested that the polymerization occurs after activation
of cyclohexene oxide by the unsaturated rhenium species
[Re(CO),],, which is formed by the irradiation of UV light.
Pentacarbonylrhenium(I) halides ReX(CO); (X = Cl, Br, I) also
show catalytic activity for the polymerization of cyclohexene
oxide."® The rate of polymerization is faster for X = Cl than it is
for X =BrorL

o] cat. Rez(CO)w

o),
UV light (Xenon arc lamp) n
(68)
25°C

9. MISCELLANEOUS

Areceo, Ellman, and Bergman reported didehydroxylation
of vicinal diols to alkenes (eq 69)."" In this reaction, a simple
alcohol works as a reducing agent. By using this reaction, both
terminal and internal vicinal diols are deoxygenated to olefins
without isomerization of the olefin moiety. Although the authors
indicated that the mechanism of this reaction is still unknown,
they proposed that oxidized rhenium species might be the active
catalyst because this reaction did not proceed in the absence of
O,. The authors also hypothesized the formation of a rhenium
diolate species.

Re,(CO)1o (2.5 mol%)

H 170 °C, 4 h

0
HO. .

P n-CogHps (69)
air 83%
OH (0]

n-CqzHzs

n—C5H11)\ Et n-C5H11)J\Et

(solvent)

10. CONCLUSION

As described in the above sections, many types of reactions
have recently been discovered using rhenium carbonyl com-
plexes as catalysts. Prior to 2000, rhenium carbonyl complexes
were used as hard Lewis acid catalysts to promote C—C
bondformation reactions, including Friedel—Crafts reactions,
Mukaiyama aldol reactions, and Knoevenagel reactions. It is
interesting that some reactions proceed even in the presence of a
small amount of water. In addition, C—0O, C—S, and C—Se
bond-forming reactions and reduction of carboxylic acids and
CO, have also been reported. Since about 2000, rhenium
carbonyl complexes have also been employed as soft Lewis acids.
By using this reactivity, cyclization reactions and nucleophilic
additions of carbon nucleophiles to alkynes or allenes have been
achieved via the activation of the unsaturated substrates by the
rhenium catalyst or the formation of rhenacyclic intermediates.
C—Si, C—N, and C—O bonds have also been constructed using
rhenium carbonyl catalysts. In almost all of these cases, similar
reactions were previously known to be promoted by other
transition metal complexes. Since 2005, rhenium carbonyl cata-
lyzed transformations via C—H and C—C bond cleavage, which
are the key reactions for highly efficient transformations, have
been realized. In these examples, it is noteworthy that typical
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rhenium carbonyl catalyzed reactions are effective. At present,
it is clear that rhenium carbonyl complexes have a variety
of catalytic activities. In the future, it is expected that more
information about the reactivities of rhenium carbonyl com-
plexes will be clarified, and additional novel as well as more
typical reactions catalyzed by rhenium carbonyl complexes will
be discovered.
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